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EVALUATION OF A SILICONE-DIESTER LUBRICANT IX 

By Robert L. Johnson, S. F. Murray 
and Edmond E. Bisson 

A silicone-diester  blend fSD-17) was investigated  in  various  bench 
studies  and in a turbopropeller  engine  to  determine  its  suitability  as 
a lubricant  for  aircraft  engines. 

The  performance  of  the  fluid was satisfactory  during  more  than 17 
hours of  operation in a IC-38 engine  wTth  power  levels  from 1745 to 2400 

, horsepower.  The  fluid has better  viscometric  properties  than  currently 
c used  lubricants and could  eliminate  low-temperature  starting and pump- 

I bench  derl-ces.  Especially  good  gear  lubrication  characteristics  were 

ability problem for  turbopropeller  engines.  The  fluid has good  boun- 
dary lubrication  and  other  lubricant  properties  as  measured  with  most 

established in bench  studies  and in the  engine  test. 

Because  of  the  superior  combination of viscometric  properties  and 
load-carrying  capacity  of  the  silicone-diester  blend  over  those  of  cur- 
rently  used  lubricants and because of the  satisfactory  performance  in 
an engine  test, a complete  evaluation  of  silicone-diester blends in 
extensive  full-scale  engine  operation should be  made. 

Reference 1 shows that  blends  of  silicones  and  diesters  are  capable 
of  lubricating  steel  surfaces  and  that  they  have  very good viscosity- 
temperature  characteristics. A silicone-diester  blend  designated SD-17 
h s  been  formulated  by NACA for  possible  use as a lubricant  for  turbo- 
propeller  engines. 

. The very good  viscosity-temperature  characteristics  of  this  blend 
would  allow  it  to  be  more  viscous  at  engine  operating  temperatures and 
also to be more  easily  pumped  at low temperatures than the synthetic 
fluids  currently  used  as  lubricants  for  turbopropeller  engines  and 
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a l s o  the   f luids  meeting the  vlscosityrequirements of specification 
Mu;-L-7808. It is generally  agreed that the  load-carrying  capacity of 
gears is increased by us ing  lubricants of greater  viscosity (refs. 2 t o  
4); therefore, a silicone-diester blend having  high viscosity a t  opera- 
ting terrgeratures and with  favorable boundary lubrication  characteris- 
t i c s  (refs. 1, 5, and 6) might be w e l l  sui ted  to   lubricat ion of gears. 
Some of the  present  synthetic aad petroleum lubricants which w i l l ,  pro- 
vide adequate lubrication of turbopropeller  engine  reduction  gearing 
are so viscous a t  low temperatures (-65O F) that the  engines are a p t   t o  
be inoperable  because of inadequate  low-temperature  pumpability and the 
resulting high starting torque. The use of the  silicone-diester  blend 
could  eliminate  the low-temperature  pumpability and s ta r t ing  problems. 

It is the  object of this  report   to  present  the results of various 
studies of lubrication  characterist ics and physical and  chemical  proper- 
ties of the  silicone-diester  blend SD-17. Some of the informatian re- 
ported  herein m s  obtained a t  the NACA Lewis laboratory i n  bench studies 
and i n  a l t i t ude  w i n d  tunnel  tests of a turbopropeller  engine. Data 
from other bench studies are reported which were obtained  by Pratt & 
Whitney Aircraft, Esso L8bOratOrieS, Standard O i l  Development Co., USAF 
Wright Air Development Center Materials Laboratory,  Allison  Division of 
&nerd   Wtors  Corp., Silicone  Products Dept. of General Electric Co., 
and  southwest  Research Inst i tute .  The excellent  cooperation of these 
organizations and permission to use their   data  are gratefully aclmowledged. , 

FORMUWITON 8 

Basic Silicone-Diester Blend 

Reference 1 indicates that numerous solvents  can be added t o  8ilF- 
cones t o  improve lubricating  effectiveness for steel surfaces. The use 
of diesters  as  solvents was considered t o  have merit because the  diesters 
were not  volatile, had  good thermal s tab i l i ty ,  and could  be  blended  with 
various  silicones. In further  studies subsequent t o  those of reference 
1, it was found that, in general, effective boundary lubrication of 
steel  surfaces  could  be  obtained i f  a t  least 27 percent (by volume) or 
preferably more diester was added to   e i the r  methyl  phenyl o r  methyl sili- 
cones of various  viscosity  grades.  Increasing the amount of diester to 
50 percent  (by  volume),gave s l igh t ly   be t te r   lubr ica t ion   a t  a sacr i f ice   in  
viscometric  properties. Also, the  use of' longer-chain-length  silicones 
resul ted  in  improved boundary lubrication. A blend of o m  t h i rd  by vel- 
ume of dies te r   in   s i l i cone  was selected a , ~  the best compromise on the 
basis of the following poDerties:  lubricating  effectiveness,  viscoslty- 
temperature  (viscometric)  properties, and la-temperature s t a b i l i t y .  
Solubili ty of diesters  and silicones was a problembecause, as reported 
i n  reference 1, the blends became turbid a t  low temperatures. In 
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general,  .solubility  could  be  improved  either by using  less  vlscous 
diesters  or  less  viscous  silicones  or by using  methyl  phenyl  silicones 
rather than methyl  siliconee. To obtain  the  best  possible  lubricating 
effectiveness,  it was considered  advisable  to  work with the  most  viscous 
silicone and &tester  blend  that  would  give  adequate  low-temperature 
fluidity and stability. It was found  that  methyl  phenyl  silicones of 
low phenyl  content (Dow Corning 510 fluids)  could  be  blended with diesters 
without  encountering  low-temperature  turbidity and with little  sacrifice 
in vLscometric  properties. An added  advantage of using methyl  phenyl 
silicones was that  they  have  better  thermal shbflity than  methyl 
silicones . 

The  result  of  lubrication  experiments  and  studies of physical  and 
chemical  properties  for  various  silicone-diester  blends  resulted  in  the 
formulation of a blend  designated SD-17 which  was  composed of one-third 
(by  volume)  di(2-ethylhexyl)  sebacate (Rohm and H8,as Corp., Plexol 201) 
and  two-thirds  methyl  phenyl  silicone (Dow Corning 510 fluid of 100- 
centistoke  viscosity at 25' C). Table I and  figure 1 show  how  the  phys- 
ical  properties of SD-17 compare with those  of  other  fluids used as  lub- 
ricants.  Comparative  data  and  physical  properties  of  other fluids were 
obtained  from  references 7 and 8 as  indicated in table I. The 
viscosity-temperature  characteristics of SD-17 are  shown  in  table I and 
figure 1. 

Additives 

As indicated  in  tabLe 11, preliminary  oxidation-corrosion runs at 
347' F showed  excessive  metal  attack  when  the SS17 type  fluid  without 
an  oxidation  inhibitor was us&. It was found  that  addition of 0.5 
weight  percent  phenothiazine (FTZ) effectively  reduced  metallic  corro- 
sion  in  the  72-hour  oxidation-corrosion m s  at 347' F to within  the 
requirements of specification  MIL-L-7808.  This  result  was  confirmed  by 
Pratt & mitney Aircraft  (appendix A) in  oxidation-corrosion  tests on 
SD-17  containing 0.5 percent  phenothiazine. 

Further  checks of oxidation-corrosion  and  hydrolytic  stability  of 
SD-17 with  and  without 0.5 percent  phenothiazine  were  made by the  Air 
Force  Wright  Air  Development  Center  Materials  Laboratory, and are  re- 
ported  in  appendix B. As shown in  appendix B, the USAF recommended  that 
a combination of phenothiazine (FTZ) and  phenyl  a-naphthylamine (PAN) 
would  pro-vide  further  improved  oxidative  stability. 

Table I1 shows  the  preliminary  oxidation-corrosion data obtained bythe 
NACA with SD-17 fluid  containing 0.25 percent PlCZ and-0.25  percent P m  
for  oxidation  inhibition.  This  formulation  appeared to have satisfmtory 
progerties  for  engine  operation and therefore was used in the T-38 
turbopropeller  engine run to  be  discussedlater. U n d e r  some  conditions 

(e -40' F). 

c 

* the  blends  containing PAN became  slightly  turbid az  low temperatures 



The final formulation of SD-17 was kept as simple 8s possible in 
order  to  minimize  the  influence  of-camponents  other  than  the  base  mater- - 
ials  (silicone  and  diester) on lubricating  behavior.  By  the  proper  se- 
lection of additive  materials,  compensation  can be made for many of the 
deficiencies of various  types  of  lubricants;  in a l l  probability  the  same 
procedure  can be used  in  the  development of future  silicone-&ester 
blends.  Data  are  available  showing  that  additives  can  be used to  reduce 
wear  with  silicone-diester  blends as measured  with  the  four-ball  apparatus. 
Table 29 of  reference 9 and  some  unreported NACA data  indicate  that  the 
additives  tricresyl  phosphate or triethyl  phosphate  will  reduce wear under i4 
both  extreme  loads  and  high  bulk  lubricant  temperatures.  Since  informa- 
tion was lackfng on possible  undesirable  side  effects  of-the  antiwear  ad- 
ditives,  they  were  not  included  in  the  formulation  of  the  fluid for engine 
operation. 

to 
(T, 

ExPERIME3TAL LUBRICATION RESILTS 

Bench  Studies 

Table I11 presents a summary of experimental  bench  studies  of  the 
limiting  conditions for effective  lubrication  of  steel  surfaces  by SD-17 
as aompred with similar data for the  other  lubricants  described in 
table I. 

NACA data  (table 111) obtained  with a high-sliding-velocity 
friction  apparatus  according to procedures  described  fully  in  reference 
5, indicate  comparative sliding velocities for incipient  failure of 
surfaces  lubricated  with SD-17 and other  lubricants.  These run8 were 
made  at a load  producing an iaitial  Hertz  surface  stress (126,000 psi) 
that  is  representative of design  values  for  gears.  With SD-17, the 
sliding  velocity  at  which  incipient  failure  occurred was at  least  equiv- 
alent  to  that  for any fluid  except PRL-3313. The  lubricating  effective- 
ness of -3313 is  probably a function of both  the  increased  amount of 
methacrylate polymer viscosity-index  improver an8 the  additive  Ortholeurn 
162 (believed  to  be a lauryl acid  phosphate,  ref. 8). PRL-3313 is not 
a completely  satisfactory  lubricant,  however;  reference 9 states  "Exten- 
sive  laboratory  tests  have  indicated  border-line  corrosion,  foaming, and 
storage  problems with PRL-3313 compositions. 'I 

The NACA has  modified a SAF: lubricant  test  machine so that  the 
specimens operate in pure  sliding by rotating in opposite  directions at 
the  same  rotative  speed (490 rpm). Needle  bearings  were  instalJ-ed  for 
the  lubricant  cup  specimen  support  bearings.  The  load was increased  at 
a uniform rate (approximate  scale  reading, 8 lb/sec)  according  to  the . 
standard procedure,  and  the initial point of eurface  failure was reported. 
Increase i n  measured  vibratory  motion  of  the  lubricant  cup  assembly, 
change  in  rate of increase of drive-motor  power  consumgtion,  and  incep- .. 
tion  of  audible  specimen  chatter  were  used  to  indicate  the  point of 
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failure.  The  incipient  failure  loads  for SD-17 and  the  comparison  fluid 
are  reported in table III. The  only  synthetic  fluid  giving a higher 
failure  load  than  the SD-17 was the pKL-33l3. The  petroleum oil, grade 
U-00, which also had  higher SAE machine  loa&  capacity  than the -17, is 
so viscous  at low temperature  (fig. 1) that  it  cannot  be  used in turbine 
engines  for  aircraft. 

The  bulk  temgerature  limit  for  effective  boundary  lubrication by 
the  various  fluids was determined  with  the  apparatus  and  according to 
the  procedures  fully  described  in  reference 10. In general,  friction 

load  providing an initial  Hertz  stress of 149,000 pounds  per  square  inch 
with  the  temperature  increased  gradually  (from 75O to 50O0 F in 55 min) 
until  incipient  lubrication  failure  occurred.  Incipient  failure was 

rate of wear. 

a w specimens  were run at a sliding  velocity of 120 feet  per minute with a 

I Bndicated by increased  or  unstable  friction  and an abrupt  increase  in 

The  data of table 111 show  that  with SD-17 as  the  lubricant,  incip- 
ient  surface  failure  occurred  at a lower  temperature  than  for any of  the 
other  fluids.  While  the  reason  for  the  relatively  poor  performance of 
SD-17 in this  type of experiment  is  not known, if  the  silicone-diester 
f l u i d s  lubricate by physical  adsorption as suggested  in  the  hypothesis 
of reference 1, they  might  be  expected to fail  at  lower  temperatures 
than  fluids  that form chemisorbed  lubricant films. 

Unreported  data on high-temperature  bearing  runs  indicate that some 
of these  fluids will lubricate  bearings  at  temperatures  at  least 2000 F 
higher  than  the  bulk  lubricant  failure  temperatures  reported in table 111. 
Lubrication  failure in beazings  is  believed  subject  to  several  variable3 
such as fluid  residence  time,  heat-absorbing  characteristics of the  fluid, 
oil  supply  temperature,  the  formation of lubricant  decomposition films 
(ref. U) , and  the  ability of the  lubricated  surfaces to reform  the sur- 
face  oxide  films  as  they  are worn away  during  sliding.  The  influence 
of these  variables  is  minimized,  and in some  cases  eliminated, in bulk 
lubricant runs; their  importance  is  eqphasized,  however, by the  higher 
operating  limits for effective  lubrication  that  have  been  obtained  in 
jet-  or  drop-lubricated  bearing  experiments. 

Preliminary NACA &ta have  been  obtained  (in a ma,nner  somewhat 
similar  to  that  described  in  ref. 12) with Sa17 used  to  lubricate a 
20-millimeter-bore  tool-steel  ball  bearing  operating  at  high  temperatures 
uder light  load  and low rotative  speed (2500 rpm) . The SD-17 lubricant 
supplied  at  roQm  temperature and at a rate of a few  drops  per  minute  pro- 
vided  effective  lubrication  at  temperatures  above 800° F. The PRL 3161 
did  not  provide  effective  lubrication at bear&-  temperatures  as  high  as 
were  used  with  the SD-17. 
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The  data  obtained-  by  Pratt & Whitney  Aircraft  and  presented  as 
appendix A provide an extensive  evaluation of SD-17 in  accordmce with 
their  current  lubricant  specification, PWA 52lA. . They also commented: 

"This oil exhibited  very  good  viscosity  properties,  corrosion ten- 
dencies, and panel  coking  tendencies.  The load-carrying ability or re- 
sistance to scuffing  gears as measured with the  Ryder Gear Test Was 
good; however,  the  wear  tendencies  as idicated by wear  spot  diameters 
at  various  loads  until  weld  occurs  on  the shell Four B a l l  E. P. Tester 
were  definitely  poorer than synthetic  oil  currently  being used." 
Southwest  Research  Institute  obtained  Ryder  gear  rig  test  data  for SD-17 
(table 111) that  are  in  good  agreement  wlth  values  reported by watt & 
Whitney . 

Fratt & Whitney a l s o  commented on the  very  high  ash  content  (shown 
in  appendix A) of SD-17, dthough they  pointed  out  this  high ash content 
was not reflectea in the  panel  coking  test  (appeadix A}.  In view of 
these  results, Pratt & Whitney  indicated  that  this  property would re- 
quire  thorough  investigation  before SD-17 could  be  recommended as an 
engine  lubricant. 

The  high  ash  content  reported by Watt & Whitney  must  be eaected 
with fluids  that  aze partly inorganic.  The  ash  content (A.S.T .M. D482- 
3811) is  determined  by  heating 20 cubic  centimeters of fluid  to a temper- 
ature  at  which  the  fluid will ignite  at  the  surface and continue to burn 
to dryness. The  residue is then heated with a flame  or in a furnace 
until aU free  carbon  has  disappeared and a constant  weight  of-residue 
is  obtained. In the  case of silicones,  it  could  be  expected  that  the 
ash  might  be an abrasive  material. X-ray examination  failed to produce 
any  characteristic  diffraction  pattern for the  ash;  this  could  result 
from  lack  of  crystalline  structure or  from  extremely sraall crystal  size. 
The  thermal and oxidation  decomposition  characteriatics of methyl  phenyl 
silicones  are  reported in reference 13. 

Comparative  wear  data  were  obtained  between SD-17 and 0 1 7  contain- 
ing 5 percent  by  weight ash. The runs were d e  with an apparatus  simi- 
lar to  that  reported in reference 1 except  that  the  hemispherical  speci- 
men  contacted  the top of the  lubricated  disk.  These data indicated 
that the  ash  did  not  have any effect on w e a r .  An additional  experiment 
with  the  solid  lubricant  friction  apparatus  described in reference 14 
indicated  that  the  ash  by  itself  had  high  shear  strength  and  therefore 
would not  function as a solid  lubricant and might  be  harmf'ul  when  run 
dry or in  high  concentrations. 

The  Wright  Air  Development  Center  Materials  Laboratory  reported 
lubricatfon data obtained  with  the  uae  of ED-17 in  a Shell Four-Ball 
E. P .  test  apparatus  (appendix B) . The d u e s  of incipient  seizure 
(40 kg)  and  wela  point (115 kg) fo r  SD-17 containing 0.5 weight  percent 
FTZ are in good  agreement  with  similar  data  reported  by  Pratt & Whitney 
in  appendix A.  

. 
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The Esso Laboratories,  Standard O i l  Development Company arranged 
fo r  the Esso European Laboratories i n  England to   ob ta in  IAE gear fail- 
u r e  data on several  synthetic  fluids  supplied  by the NACA. These f lu ids  
included the campounded diester PRL 3313 as w e l l  as the silicone-diester 
blend SD-17 containing 0.5 weight percent FTZ. %e daka obtainea  for 
WACA as well as comparative data for  other compounded synthetic lubri-  
cants  reported i n  reference 7 are presented in appendix C. 

These LAE gear  Pailure l o a h   i n d i c a t e  that the -17 f l u i d  compares 
favorably  with  other  lubricants  with respect t o  gear  lubrication  cam- 
b i l i t i e s  . As previously mentioned, the Pratt & Whitney data (appendix 
A) and data from  Southwest  Research Ins t i t u t e   ( t ab le  111) a l s o  indi- 
cated that SD-17 was an effective  lubricant  for  highly  loaded high- 
speed  gearing. 

The data obtained by Silicone  Products Dept. of General Electr ic  Gorp. 
and reported  in appendix D would indicate that m-17 is not a partfcularly 
good boundary lubricant. The Shell four-ball  apparatus, the Falex a p  
paratus, and the Ravy Gear Wear Test (stainless s t e e l  against  brass) 
were used by  General Electr ic  t o  obtain these data. 

The NACA high  bulk  temperature  lubricant  studies,  the results of 
various Shell four-ball w e a r  studies and the additional data obtained 
by General Electric  indicated that SD-17 had certain  deficiencies i n  
boundary lubricating abilities as measured by these different  devices. 
Other NACA data as w e l l  as the gear test results of Pratt & Whitney, 
Southwest Research Inst i tute ,  and Esso indicated that SD-17 had very 
good lubrication  properties  as compared with several   ful ly  compounded 
lubricants  ( table In). Evaluation of  the significance of these vari- 
ous results with respect   to  possible effective  use of SD-17 i n  engines 
was based on how closely the various  devices  simulate limiting lubrica- 
tion  conditions  for  engines. This approach may be questioned,  but was 
necessary  because no quantitative  engine  correlation data are available 
fo r  any of the bench devices for  lubrication  studies.  References 3 and 7 
imply that gear tests provide the best simulation of complex engine  lubri- 
cation  conditions. Alsa, gear failure loads are more generally  accepted 
by engine  manufacturers  and military  services as an  indication of probable 
lubricating  effectiveness i n  engine  operation  than any other  laboratory 
data; the gear test  data available  indicated that SD-17 w a s  a  good lubri-  
cant. NACA studies under closely  controlled  lubrication  conditions that 
were in   the  range common t o  engine  operation  indicated SD-17 t o  be an 
effective  lubricant. The four-ball w e a r  data at loads greater than  the 
incipient  seizure  point formed the bulk of unfavorable data. Those  wear 
data were obtained under pure sliding conditions with very  high surface 
stresses (40 kg load a t  incipient  seizure  gives 460,000 ps i  i n i t i a l  Hertz 
stress). The practical  significance of the four-ball data is not known. 

These considerations led to  the  gener&l  conclusion that SD-17 had 
favorable  lubrication  characteristics under conditions of significance 
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to engine  operation  as well as  good  physical  and  chemical  properties 
fo r  lubrication and therefore  would  merit  further  evaluation  by  means 
of englne  operation. 

Turbopropeller  Engine  Study 

On the  basis of data  previously  presented  herein,  the  Bureau of 
Aeronautics,  Dept. of Navy, and the Allison Division  of  General  Motors 
agreed  to a functional  check of NACA s.ilicone-diester  blend SD-17 lub- 
ricant.  With  their  permission  and program concurrence, an engine  test 
was made  in  the  Lewis  Altitude  Wind  Tunnel  with an Allison T-38 turbo- 
propeller  engine  which  had  been in use  for  extensive  controls  studies. 

The early  development  of this engine was seriously  hampered  by 
gear  box  lubrication  problems. In the  present  state of development of' 
the T-38 engine, 110 serious  lubrication  problems  are normally encountered 
wlth the current T-38 lubricant which has properties  indicating  it  to 
be o i l  A of table IV in  reference 7. ,The  present  situation  has  been  re- 
alized  by  careful  selective  matching of gear  components  and  by  using a 
viscous  lubricant  whfch  makes  low-temperature (-65' F) starting  virtually 
impossible. A new  high-load-capacity  lubricant  with good low-temperature 
viscometric  properties  would  simglify  production and operating  problems. 

m e  engine  for  this run w w  assembled with  Navy model XT-38-A-2 
(Allison m o d e l  501-A-6), serid number 97, power  section and with Navy 
model XT-38-A-2, serial  number 7 reduction  gear  box.  Before  the  run 
described  herein  the  gear  box had been run fo r  271:40 hou Sj this  in- 
eluded a run-in of approximately 9 hours with PRL 3313, 12 hours with 
PRL 3161, a short  preservative run (with F'RL 3161 plus a preservative 
mixture},  and  approximately 261 hours with the  current T-38 lubricant. 
A l l  service  operation  prior  to  the  tests  with SD-17 was obtained  in 
altitude wind tunnel  control  tests, which incluaed 20 minutes  operation 
with PRL 3313 and 260:50 hours  with  the  current IC-38 lubricant. It is 
not  believed  that  the  current T-38 lubricant  contains any chemically 
active  lubrication  additives;  therefore,  it  is  probable  that any reaction 
films  formed  during  operation  with F'RL o i l s  containipg  active  additives 
would  have  been  worn  off  the gear teeth  during  the  extensive  subsequent 
operation with the  lubricant  that did not  contain  active  additives. 

€ 

With  the  cooperation of Allison representatives,  the  gear  box was 
dissassembled and inspected  immediately  before  the -17 run. Highly 
loaded  gears in the  planetary gear system  were  photographed  (figs. 2 and 
3). The oil system was flushed  twice  with  specification MIL-0-6081 grade 
1005 petroleum  oil,  drained  as  completely as possible,  and 51 gallons L 

of SD-17 waa put in the o i l  system.  (It was previously  determined that 
SD-17 was compatible  in  all  proportions  with 1005 oil.) 
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The engine operation  eqerienced with SD-17 totaled 19:18 hours 
a t  14,300 rpm, including 8:41 hours a t  2050 shaf t  horsepower, 6:30 hours 
a t  1745 shaft horsepower, 0:30 hours a t  2400 shaft horsepower with -18' 
F engine  intake air, and 0:30 hours a t  2060 shaft horsepower with -10 F 
engine  intake  air; 1:07 hours operation was obtained  during foaming 
checks a t  varied  altitudes, and 2:OO hours power running  time was obtain- 
ed during warm-up, trouble-shooting, and miscellaneous  operation. Tygi- 
cal  values of operating  teaperatures and other performance variables 
during periods of etable  operation are presented in   t ab le  I V .  I n  gener- 
a l ,  endurance operation  consisted of a l ternate  30-minute periods  with 
turbine-inlet  temperatures of 160O0 and 1500' F. The a l t i tude  foaming 
checks w e r e  made w i t h  a  turbine-inlet  temperature of 1550° F. 

All endurance  running was obtained a t  5000 f ee t   a l t i t ude  with a 
tunne l  a i r  speed of Mach  number 0.2. These conditions were selected as 
the optimum f o r  continuous high-power operation i n  the  a l t i tude tu&. 
The low-temperature  (high-power) r u m  were made under conditions that 
could  not  be  maintained fo r  long  endurance periods  because the  required 
tunnel  refrigeration  capacity was not  available  at  all times. The gen- 
eral   operating  characterist ics of this engine  with the SD-17 lubricant 
was essentially  the same as was experienced with the  current T-38 
lubricant . 

Special thermocouples were instal led at approximately the pitch 
l i n e  on the side of the r ing  gear of the  planet system and on the o i l  
shield surrouiiaing  the  planet  system a t  locations  approximately 40' from 
the bottom of the  gear box. 

After the runs  with SD-17 it wa8 planned to  obtain  cmparative 
temperature data with the  current T-38 lubricant. This wa6 impossible 
because EL mechanical f a i lu re  of the engine was encountered before the 
desired data could be obtained. The fa i lu re  was experienced  during 
operation  with  the  current T-38 lubricant  but could not have been caused 
by the lubricant.  Isolated and not  directly comparable temperature data 
are available that w e r e  obtained with the  current  T-38lubrican-t  during 
final control  studies. With the  regular T-38 lubr icant ,   a t  3500 f e e t  
a l t i tude  and Mach  number 0.3 tunne l  a i r  speed, the  temperature rise of 
the oil i n  the gear box was 21° F; this temperature  difference was tha t  
between the  point of oil supply t o  the gear ca6e and after it had passed 
through  the  reduction-gear oil supply pump and over the  planet  gears  to 
the planet gear oil shield. Under similar power conditions with -17 
as the  lubricant operating a t  5000 f ee t   a l t i t ude  and Mach number 0.2, 
the tsmperature r i s e  was 28O F. The difference  in temperature rise may 
have been the   resu l t  of increased churning of t h e  more viscous ( a t  high 
temperatures) SD-17. 
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In mrmal operation  the oil to the  gear  case was allowed  to by- 
pass a venturi  used  to  measure oF1 flow.  When  periodic o i l - f low data 
were  taken,  the  by-pass was closed  by means of a solenoid valve. The 
gear-case  oil  flow was approximately 82 pounds  per  minute,  which  is 
normal for the  engine. 

The  approximate  total  oil  used  during  the  entire  runaing  with SD-17 
was 6 gallons,  of  which  perhaps 3 gal lons  WiLs lost  through  the  gear  case 
breather (during windmilling) and by  minor  losses  from  leaks, o L l  samples, 
and from opening the o i l  system  periodically  to  inspect plun~~ screens. 
Usage of-oil at  this  rate  (approximately 3 gal. in 19:18 hr) is  conaidered m 
xxmal for  this  engine in this  type  of  test. No lubricant was added 
luring the  run,  and  at  the  end  of  the  running  the  neutralization nuder 
ras the  same  as  before  operation. 

M 
a, 
r l  

The o i l  system  installation in the  altitude wind tunnel for the 
2-38 engine  had flow characteristics  different  from  those of an airplane 
installation.  The  peculiarities of the  oil  system  led  to  more  severe 
lubricant foaming troubles  than  have  been  encountered in operating 
aircraft.  At  various  times, foaming trouble was encountered in the d- 
titude  tunnel  set-up  at  altitudes from 26,000 to 34,000 feet  with  the 
current 1-38 lubricant. To eliminate  thLs problem during controls 
studies,  the  propeller  reduction-gear  box was pressurized  at  altitudes 
above 25,000 feet . 

.1 

To check  the foaming tendencies of SD-17, special runs were made 
at gradually  increasing  alfitudes  (wlthout  pressu?izing  the  gear  box) 
until  increasing  gear box oil-out  temperature and spewing  of o i l  through 
the  breather  sight glass indicated  that  the gem box oil was not  being 
adequately  scavenged.  With SD-17, this  condition  occurred in the alti- 
tude  range  between 29,000 and 31,000 feet, as compared to values of 
26,000 to 34,000 feet f o r  the  current T-38 lubricant. Theee data indi- 
cate  that  the  altitude  oil-scavenging  characteristics for the system  were 
not changed  significantly  by  the  use of SD-17 as  compared  with  the cur- 
rent 22-38 lubricant. 

Allison Division of General Motor6 Corp. ha6 made  bench  studies of 
the foaming characteristics of SD-17 and  report that its  behavior  is 
comparable  wlth  the  current T-38 lubricant.  They also have  indicated 
that no foaming problem has been  encountered in the  use of the  current 
lubricant  in  aircraft  instdlations of the T-38 engine. In addition, 
reference 15, which reports  experience with T-38 engines in a B-17G 
and the  Allison  Turbo-Liner does not  mention  any  lubricant  foaming  prob- 
lems  during  flight  tests  at  altitudes  up  to 35,000 feet  with  the  currently 
used  diester  lubricant. 

The gear box was disassembled  for  inspection  immediately  after  being 
run with SD-17 and the highly loaded  gear  surfaces of the  sun  gear  and a 
planet  gear  were  subjected to very careful examination. The  surfacea of 
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the  gear  teeth were  unchanged by operation with SD-17. Photographs of 
the  surfaces of two plahet  gear  teeth  taken  before and after the SD-17 
run  are shown i n  figure 2; the same surface marks were vis ible  on the 
running surface. 

Photographs of the same tooth  surface of the sun gear  before and 
after  operation with SD-17 are shown i n  figure 3. The appearance of the 
sun gear tooth surfaces was different from the  planet  gear  teeth because 
the sun gear had originally been given a  "Granodizing'' surface  treatment. 
There was no evidence of any surface  disturbance on the  tooth of the sun 
gear that could have resulted from operation with SD-17. In  these en- 
gine r u m  the SD-17 vas cmpletely  effective as a gear  lubricant  since 
there was no evldence of surface  fa i lure  or wear. The condition of the 
gears from the  run can  be compared with the  condition of a f a i l ed  gear 
from a T-38 engine shown photographically in reference 16. In  view of 
the previously  discussed high w e a r  obtained with SD-17 in  the fou r -ba l l  
apparatus,  particular  attention was given to  elements which c o d a  in- 
dicate wear. No evidence of any detectable wear could be  found. 

Pr ior  to the runs  with SD-17, the sun gear  spline was found t o  
have fretted  areas on both  the  loaded and unloaded surfaces. Photo- 
graphs of tooth  surfaces of the sun gear  spline on both  the  loaded and 
unloaded sides of a spline  tooth  before and after  operation  with SD-17 
are  presented  in  f igure 4. It was found that f re t t i ng  debris had been 
displaced from the  spline dur ing  operation  with -17 and there was no 
evidence of addi t iona l  fretting. 

The rolling  contact  bearings f o r  the  planetary  gears i n  the reduc- 
t i on  gear box and the  turbine  bearing f r o m  the power section were exam- 
ined after  operation  with SD-17. No evidence of any lubricat ion  diff i -  
culty could  be detected. me usual coating of decomposition  products 
from the  current 538 lubricant on the  hot  turbine bearing was not dis- 
turbed by operation  with SD-17. 

No evidence of any  corrosion of engine m e t a l s  could be found during 
the   par t ia l  disassembly of the gear box  and  power sections. Several 
elastomer O-ring seals  were examined and no swelling o r  change in   re -  
s i l iency was noted. A gear box graphite-oil seal had some extremely f ine  
par t ic les  of loose graphite on the  surface of the s e a l .  It is not known 
whether t h i s  is a u s u a l  condition or  if the SD-17 o i l  had an adverse 
effect  on the bondmg media f o r  the graphite seal. There was nothing 
t o  suggest, however, that the  condition of the seal was not satisfactory.  

No unusual deposits could  be  found i n  the engine after  operation 
with SD-17. The tail cone of the engine had a f i n e   l i g h t  dust  over sur -  
faces q o s e d  t o  heat and gases as shown i n  figure 5. The dust physically 
resembled the ash formed from the  si l icone-diester  f luid but  was not  iden- 
t i f i ed .  Because no previous  experience had been obtained with continuous 
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high-output  operation,  it was impossible  to  determine  whether  such  de- 
posits  were  characteristic of SD-17 lubricant  or of the’  engine.  Inde- 
pendent  combustion  studies  have hdicated that very small concentrations 
of  silicones  in fuel would result in similar deposits on combustor 
surfaces. 

SUMMARY OF RESULTS 

Experimental  study of NACA SD-17 silicone-diester  fluid 88 a lub- 
ricant  in  bench  studies and in a turbopropeller  engine  produced  the 
fol lowing results: 

1. The  performance of SD-17 in a T-38 turbopropeller  engine was 
satisfactory  during  more  than 17  hours of operation  at 1745 to 2400 shaft 
horsepower. . .  

2. SD-17 had  better  viscometric  properties  than  other  lubricants 
that  provide  satisfactory  lubrication in a turbopropeller  engine and 
would allow low-temgerature starting  and  operation under conditions  such 
that  present  lubricants would prevent  engine  operation. 

3. SD-17 has good lubrication  characteristics as measured  by  most 
bench  apparatus  except  the F o u r - B a l l E .  P. tester;  good gear lubrication 
characteristics  and  high  load-carrying  capacity  were  observed. 

CONCLUDING REMARKS 

Because  laboratory  studies  show  that  the  silicone-diester  blend 
SD-17 was satisfactory  in an engine  test and was superior to currently 
used  lubricants with regard to the  combined  effects of both gear-load 
capacity  and  viscometric  properties, a cdmplete  evaluation  of  silicone- 
diester blends in extensive  full-scale engine operation  should  be  made. 

Lewis  Flight  Propulsion  Laboratory 
National  Advisory  Committee for Aeronautics 

Cleveland, Ohio, February 55, 1954 
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Lubrication 
Viscosity,  centistokes, st: 

- 6 9  F 

loo0 F 
-400 P 

2lDo F 
viacosity IndEX 
Pour point, 9 
Shell four-btdl: 
Gear scuffing, lb/in. 

Hin. load f o r  imnediste seizing, kg 
weld point, -kg 

Corrosion 
sulfur, percent 
Neutralization number 
React ion 
Ccrpper-strip corrosion 
C o r r o s i o n ~ ~ t i o n   s t a b i l i t y  

Corrosion, weight ewe, d m 2  
copper - stawed 
Stee l  - stained 
Aluminum - passed 
hguesium - gassed 

Viscosity at no P, centistokes 
S i l v e r  pla te  - passed 

Neutralization number 
Change Frau original, percent 

Change frau or- 

.. 

Average led wewt loas, (=),. g 

corrosion: 
Heu td iza t ion  n&er ( s f t e r  m) 
Mall0I-y 100 (wt. loss, n g >  
silver (wt. loss, m g )  

Deposition 
Precipitation number 
Carbon residue,  percent 
Ash, B 
Additives, metals (spectmscopic) 

Panel coking (wt. inc., mg) 

Hiacellaneoua 
Gravity, OAPI,  6 8  F 
Gravity,  specific, 60/60° B 
Saponification number 

Fi re  pdnt, % 
FLash point, % 

Low-temperature s t ab i l i t y  

Evaporation loss at 2750 E, percent 
(72 hr at - 6 9  F) 

by weight 
BContains pTZ (0.5 percent) w. 

4242 
n 7 5  

42.59 
14.29 

171 
-85 

3700, 2675 

40 
n o  

0.05 

Eeutral 
0 .oo 

Passed 

0.10 
0.06 
0.02 
0.09 
0.05 

43.28 
+1.6 

1 . 5  
1.5 

0 .a370 
a m  

5, 3 
8, 7 

25 

13.9 
0.9732 

14.3 
455 
905 

Passed 

0.515 

Specificaticm requfrecents 
PWA 52lA 

l3,ooo mex. 
3ooo max. 
Ll min. 
3 min. 

1700 mfn. 
-75 max. 
" 

130 mirr. 
" 

" 

" 

No pitt-  

s . 2  max. 

I 

t70 pitt ing; slight stain pelmitted 

" 

" 

:orrosFon inhibitors and pour- 
point depressants permitted 

100 mex. 

" 



I 

kt inh ib i t ed  

14.35 
29.58 

0.02 

0.0 

0 . m  

- .7 

L106.6 

Red-bnxm stain 

.02 

.09 
+.07 

-0.2 
.O 

-2.4 - .1 
+67 .O 
+7.67 

120 
40 

Inhibited 

14.25 
29.78 

0.03 

0.0 

- .2 .  
n o 1  

+.M 
.09 

a.1 ( W k  S C U  -it) 
0.0 satisfactory) 
0.0 s a t l a f a c t o r y  
0.0 I dark stain) 

*2.9 
+.4 

PO 
15 

! i * 
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. . . . . . . 

CB-3 
. .  

Oil 

United Kingdom di(2-ethylhexyl) 
sebacate 

canpounded d ies te r  (pRL 3313) 
Silicone-diester  blend (a-17) with 

0.5 percent FTZ 

Kinematic 
vlscosi ty ,  

?entistoke€ 
at 210° F 

3.26 

10.41 

b17 .14 I Acidity, 
mg mH/g 

0.14 

2.17 

0.04 

T Failure  load, l b  r 
Test o i l  

45 

115 

145; 150 
no scuff 

EAo-looE 

70 

65 

65 

3l93 

Pailure 
load 88 

percent  reference 

64 

170 

230 

%un on opposite  side of correspondlng  gear  with Esso Aviation oil 100 (grade U O O  minerel oil), 

bDoes not check viscosi ty  measurement by NACA of 14.2 centistokes,  or  values  given Fn appendixes 
c a  21  centistokes at 210' F. 

A and B - possibly a typographical error. 

Additional data  from reference 7 

Viscositg rpeutral- 

cmtis tgkee number a t  210 F 
ieation 

s c u m g  loa8, 
percent of e a d e  
U O O  mineral oil 

"Oil A" ('believed t o  be the  current 
T-38 lubricant) 

0.2 3.6 "Oil B!' (believed t o  be MIL-L-7808) 

0.2 7.9 

" " I 
.. . . .. 
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APPENDIX D 

Introduction; 

A sample of a lubricating f l u i d  designated SD-17, furnished by the 
National  Advisary C d t t e e  f o r  Aeronautics,  has been evaluated on the 
Shell  Four Ball, F a e x  and Navy Gear Wetar tes ters  i n  our laboratory. 
The f l u i d  was compared t o  8 commercial petroleum fluid, and a conrmercial 
diester   f luid as well as a methyl polysiloxane. O u r  previous  teste on 
f lu ids  sirrdlar t o  SD-17 which ia reported t o  be a silicone-diester mdxt;ure 
have not been too satisfactory when tested an the testers listed above. 
However, NACA, using a modified Bowden test rig,  ha8 shown this f lu id  
t o  have particular  merit under high slider velocities. 

Ekperimentalr 

Each t e s t  wa8 run undar the exact eame conditions  for each fluid. 
The Navy gear mar t e s t  and the Faleac uear test have been modified some- 
what because of the poor lubricity of silicone fluids. As a result, th0 
operation of the SD-17 is more easily compared under the t e s t  conditions. 

Shell  Four Ball Test 

This i a  a standard type of test where one steel hall. 5.8 run against 
3 fixed  eteel  balls immersed i n  the o i l  at !% Kg. load, f o r  1 hour at 
600 rpm. The three fixed balls are removed from the  holder and the scar 
diameters resulting from the rotation of the fourth ball are meat3uPed. 
Two readings on each ball are taken and the average of the  6 values is  
recorded as the scar  diameter measured in millimeters. The 9 kilogram 
load i s  used primarily as a screening test since loner loadings usually 
do not show as great a variation in scar m e t e r .  Usually, if a lubricant 
looks good at the high loadings when t e s t i n g   s h e 1  on steel, it is equally 
as good at lauer loads However,  when using other metal combinations, such 
as steel on bronze, the lower loadings become important. 

Navy bar Wear Test 

The Navy Gear W e a r  test= is beccening an important test for msqg 
military  grease  lubricant  specifications. The test method i s  to run a 
stainless s t e e l  gear with a reciprocating motion againat a brass @;ear 
ufiile the steel gear is partially Immmed in the lubricant. The original 
test method ca l l s   fo r  a t e s t  for 6000 cycles a t  a % load  but when testing 
poor lubricants  the gear teeth  are usually destroyed before the  om- 
pletion of the   tes t .  To e l M n a t e  gear  destruction  the test modifioation 
used ky us calls for a 2000 cycle t e s t  and the weight loss calculatad i n  
the same manner (reported i n  ndlligrams per loo0 cycles) However, &en 
any lubricant gives a wear result of less than 2 m g / l ~  cycles then the 
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standard test method is used, namely, 6ooo cycles a t  a s# load and 3000 
cycles a t  a lo# load. The results for the diester fluid in Table I are 
based on this standard t es t .  

Falex  Test 

Two different  testing m e t h o d s  are used on the Falex machine. In one 
test a steel pin Ls m o u n t e d  between steel "Vee" blocks and a load applied 
through the jaws, The load is constantly increased unt i l   se izure  occurs . 
'his resul ts   e i ther  i n  shearing of the brass pin  holding  the steel pin i n  
the chuck or shearing of t he   s t ee l  test pin. This is  not a very rellable 
test but  does  indicate the ultimate load carlying  abil i ty of a test fluid. 

A second t e s t  gives  data more related  to  the  gear w e a r  test when the 
load is  applied i n  20 pound increments f r o m  20 to 200 pounds and i n  100 
pound incrementa above 2 W .  The test is run for  10 d n u t e s  at each load 
and the wear is measured as the number of teeth on the rachet loading 
wheel required t o  brhg the load back to i ts  original loading after a ten 
minute run. By plott ing load BS. wear, a near curve is obtained, which 
for a good lubricant is quite f lat  and f o r  a poor lubricant is very steep . 
By screen test fluids in  t h i s  manner t h e  gear wear tes t ing is m i d ,  
since a poor test on the Falex will usual ly  r e s u l t   i n  a very poor t e s t  i n  
the  Wavy Gear Wear tes ter .  The resul ts  of the  Falex  tests are included 
i n  Table I and k a p h  I. 

Conclusions f 

The results of the above tests shm the SD-17 t o  be comparable in 
properties to our early silicone-dlester mixtures. It is essentially a 
compromise i n  properties between a diester  fluid and a methyl si l icone 
fluid.  The Shell Four Ball and the low loads on the Falex tes ter   indicates  
that  it is a faFrlg good lubricant under these  conditions. Hmver, i n  
applications when the  lubrication approaches boundary conditions aa in 
the Navy Gear Wear test and the higher loadings on the Falex tester, t h e  
lubrication is not much better than a methyl  silicone  fluid. The ultimate 
seizure  loads  during  the  Falex  test illustrztes that  the SD-17 is not much 
better than straight silicone. 

19 

N o  G o  Holdstock 
SILKONE PRODUGTS DEE?. 
General  ELectric Company 
k t e r f a r d ,  B. i'. 
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TABLE I 

I a 1 7  

I Methyl P o l p i l o m e  

1 
sP96-100 

Dioctyl Sebacate 

SAE 20 
Caarmercial Petroleum Oil 

.n 

1.91 

I .79 
I 

950 

t I 

4m 
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Lubricant 
Designation 

CcmlFosition 

~ ~~~ 

Propertleu 
viscosity, 

210° F 

-4q F 

centistokes, at: 

100; F 

-659 F 

Pour paint, Opl 
Plash  point, % 

Neutralization, number 

Temperature for 
~ , o O 0 - c e n t l s ~ k e  
viscoslty, op 

HACA 
SD-17 

./3 gy volume 
li(2-ethylhexyl) 
lebacate Plexol 
101 in methyl 
benyl poly- 
1illloxane (loo 

50 c, Dov cornin, 
entistokes at 

10) + 0.25  weigh 
ercent Prz and 

~~ ~~~~ 

.25 wighe per- 
ent PI@ 

14.5 
42.6 

1104 .o 
3885 .o 

-100 
44.5 

0.00 

-85 
(extrapolated) 

m-0-6082 
grade 1100 

Petroleum 

additives 
PlU E 

MIL-L-78088 

3.6 
14.2 

1920.0 
13,ooc1.0 

c-7s 
430 

0.2 

-6l 

Current T-38 
lubricant* 

3elieved t o  be a 
compounded 

diester  fluid 

7.9 
38.0 

12,500.0 
Too high t o  
measure 

-65 
450 

0.2 

-4s 
( ex t r apa tad )  

PRLb 
3161 

0.6 Weight percent 

lebacate, 3.9 per- 
:ent  methacrylate 
&mer, 0.5 percenl 
a, 5 percent tri- 
:resyl phosphate, 
md 0 . m  pa-cent 
Iuicone antifoemC 

lI(2-ethylhexyl) 

5.3 
20.8 

2700.0 
16,001J.O 

<“El 
450 

0.2 

-83 

PRLb 
3313 

85 Weight percent 
a i  (z-ethylheql) 
sebacate, 9 per- 
cent  methacrylate 
polymer, 0.5 per- 
cent FTZ, 5 per- 
cent  tr icresyl 

percent Grtholeum 

percent slllcone 

PhOSphatc , 0.5 

162, ma 0.001 

antifo&llC 

10.2 
43.1 
”” 

41,400.0 

-62 
435 

2.0 

-50 

! ‘  , I  , .  
1 I 

66TE 
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TABU 11. - NACA OXIDATIOIQ-CORROSION "ENTS 

172 hours et 347' F.] 

Metal ca ta lys t s   we igh t  

Copper . . "  

Aluminum 
Magnesium 
S t e e l  

change,  w/cm B 

Neut ra l i za t ion  number 
Or ig ina l  
F i n a l  
Change 

v i s c o s i t y  at m o o  F, 

Orig ina l  
cen t i s tokes  

Final 
Change, pe rcen t  of 

o r i g i n a l  

Evaporation loss, 
percent   by volume 

SD-17 
WithOUt 

Jxidat ion-  
i n h i b i t o r  

( 4  
-0.77 
+ .19 

+.12 
-2.9 

-00 
6.5 

e . 5  

41.7 
65.2 

66.3 

15 

SD-17 
+ 0.5 weight 

pe rcen t  
phenothiazine 

(b 1 
"0.09 
+.01 - .01 
+.01 

.oo 

.2 
+.2 

42.1 
43.5 

+3.3 

9 

a 

bAIL specimens f a l r l y   c l e a n ;  scme have   th in  films. 
All specimens  ccated  with heavy b lack   r e s idue .  

SD-17 
-F 0.25 w e i g h t  

percent  
phenothiazine 
+ 0.25 weight 

Phenyl 
pe rcen t  

a-naphthylamine 

(b 1 
M.04 .oo 
+.04 
- .01 

.m 

.1 
+.l 

42.6 
44.8 

+5.2 

9 

MDL-L-7808 
maximum 

values  



, . . . . ... . . . . . . . - . . , . 

m a 1  

5.3 

9ooo 

105 

7.9 
viscoe i ty  at 210° B, 
centiatokee 

81- velocity for 
incipient Pal lma,  

I 
500 

I 
E 
P z! 
M 

m 

.... . 

14% to e650 1 -  1700 to 2ooo 2600to5400 

load as percent of 
referme o U  
Esso ux, 

k 75 

140 

120 
la0 
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T-38 TURBOPROPEXLER E N G m  RUN WITH 

NACA SD-17 LUBRICANT 

[ Al t i tude ,  5000 ft; Mach number, 0.2.1 

Operating time, hr 

Sha f t  horsepower  output 

Rotative  speed, r p m  

Gear case oil flow, lb/min 

Temperature, F 0 

Turb ine   i n l e t ,  gas 

Engine  intake air 

O i l  supply  tank 

oil-in, power sec t fon  

Oi l - in ,  gem box 

Oil-out,  compressor  sectior 

O i l -ou t ,   t u rb ine   s ec t ion  

Oil-out,  gear box 

Ring gear  edge, 
at  p i t c h  l i n e  

P lane t   o i l   th row-off  
on o i l   s h i e l d  

8:41 

2050 

14,305 

82 

1600 

45 

141  

146 

149 

159 

339 

182 

179 

177 

6 :30 

1745 

L4,270 

82 

1500 

45 

13 6 

145 

148 

159 

333 

181 

176 

175 

0 :30 

2400 

L4,310 

1600 

-10 

89 

137 

143 

140 

319 

174 

175 

174 

0 :30 

2060 

La, 345 

"- 

1500 

-10 

90 

139 

145 

143 

317 

176 

174 

173 



U 

-100 
L 

Lubricant 
0 NACA SD-17 
13 MIL-0-6082, made U O O  

Current T-38 lubricant 
PRL 3161 , 

-65 -40 0 100 
Temperature, % 

L 

210 300 

Figure 1. - Viscametric properties of fluid l a r k a n t s .  

I 

1 I r t I 
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(e) Plaast gear tooth befare ogsratlon d t h  SD-17. I 

(a) Planet gaar tooth after operation with D l 7  (aams t o o t h  a8 Fzr part (a)). 

P & m  2. - Photographa cb p h t  gear tooth sufaoes iram reduction-gear box cb T-38 engine. 
N 
-4 
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" .  . . .  

(a) Loaded alae of epline t oo th  before operation with EID-17. 

(b) Loaded s p l i n e  t oo th  after operation with 9)-17 (eame too th  a8 in  part ( a ) ) .  

Figure 4 .  - Photographe of epline elniPacee af B-LIA gear from reduction-gear box af T-38 
engine. 

. 
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(a) mloaded side d ~pline t oo th  after o p e r a t i o n   x i t h  -17 (-e t o o t h  as ( 0 ) ) .  

Figure 4.  - Concluded. P h o t m p h s  of ~ p l l n e  smfaoes of sun gear f m  reduction-gear box 
of T-38 engine. 
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Fig- 5 .  - Photograph of t a i l  oone of T-38 engine after operation wi th  SD-17. 




